Background: Liver metastases present with distinct histopathological growth patterns (HGPs), including the desmoplastic, pushing and replacement HGPs and two rarer HGPs. The HGPs are defined owing to the distinct interface between the cancer cells and the adjacent normal liver parenchyma that is present in each pattern and can be scored from standard haematoxylin-and-eosin-stained (H&E) tissue sections. The current study provides consensus guidelines for scoring these HGPs.
Despite many years of basic and clinical research aimed at curbing tumour growth, metastasis still remains the principle cause of death in the majority of solid tumours. The liver is a frequent site of metastasis for tumours originating from the gastrointestinal tract, pancreas, breast and lung; the liver also hosts metastases of renal cell carcinoma, melanoma and sarcoma (Disibio and French, 2008 ; Van den Eynden et al, 2013) . For example, B80% of all metastases from colorectal cancer (CRC) occur in the liver (Schmoll et al, 2012) . Approximately 20-25% of patients with CRC present with liver metastases at the time of diagnosis with a further 20-25% of patients expected to develop liver metastases at a later date.
We and others have shown that the majority of metastases to the liver present in one of three common distinct histopathological growth patterns (HGPs), known as desmoplastic HGP, pushing HGP or replacement HGP, and two rare HGPs. These HGPs are distinguishable because the interface between the cancer cells of the metastasis and the surrounding normal liver is distinct in each growth pattern. Moreover, the HGPs are recognisable by light microscopy in standard haematoxylin-and-eosin (H&E)-stained tissue sections (Vermeulen et al, 2001; Stessels et al, 2004; Van den Eynden et al, 2013) . The distinct topography of cancer cells in each HGP predicts HGP-specific interactions with parenchymal (hepatocytes and cholangiocytes) and non-parenchymal cells (sinusoidal endothelial cells, stellate cells and immune cells) of the liver. However, despite these clear differences in the biology of these metastases, the molecular drivers of the distinct HGPs remain unknown. It is also currently unclear whether these distinct HGPs require different clinical management strategies.
An overview of previous reports where these HGPs have been studied is provided in Table 1 . One of the most important observations made in these studies is that liver metastases with a replacement HGP do not rely on sprouting angiogenesis for a vascular supply but instead co-opt the sinusoidal vasculature of the liver (Vermeulen et al, 2001; Stessels et al, 2004; Frentzas et al, 2016) . This is inferred from the specific morphology of replacement-type liver metastases (Masson, 1923; Hamperl, 1956; Elias and Bouldin, 1962; Elias et al, 1964; Vermeulen et al, 2001; Stessels et al, 2004; Frentzas et al, 2016) and is consistent with the small endothelial cell proliferation fraction reported in these metastases (Stessels et al, 2004; Eefsen et al, 2012; Vermeulen et al, 2002) . This co-option of sinusoidal blood vessels and peri-sinusoidal space (space of Disse) in the replacement HGP is in contrast to the desmoplastic HGP where extensive stromal remodelling and angiogenesis are observed (Vermeulen et al, 2001; Frentzas et al, 2016) . Desmoplastic liver metastases have an upregulated uPA-uPAR-PAI-1 proteolytic system and an elevated content of type I and type IV collagens (Illemann et al, 2009; Nystrom et al, 2012; Eefsen et al, 2015) .
Interestingly, there is some evidence that the HGP of CRC liver metastases may be predicted by the histology of the primary tumour. Primary CRCs can be classified as having a pushing margin or an infiltrative margin as defined by Jass et al (1987) . When liver metastases were classified as being 'encapsulated' (which probably corresponds to the desmoplastic HGP) or nonencapsulated (which probably corresponds to pushing HGP or replacement HGP), 69% of the primary CRCs with pushing margins, as defined by the Jass criteria (Jass et al, 1987) , developed encapsulated liver metastases while only 17% of primary CRCs with an infiltrative margin developed encapsulated liver metastases (Rajaganeshan et al, 2007) . The type of primary cancer can also be predictive of the liver metastases HGP, as almost all breast cancer liver metastases adopt a replacement growth pattern, while liver metastases of CRC can present with any of the different HGPs described (Stessels et al, 2004; Frentzas et al, 2016) .
Importantly, the HGPs of liver metastases were shown to have prognostic significance. Both Van den Eynden et al (2012) and Nielsen et al (2014) studied the impact of the HGPs on overall survival in patients with metastatic CRC. In both studies, the desmoplastic HGP represented superior overall survival. However, in these studies, the results regarding the relative incidence of the different HGPs and the prognostic values of the replacement and pushing HGPs were contradictory. These contradicting results may have been a consequence of differences in the treatment history of the patients in both studies or due to the low number of patient samples that were examined but were likely also due to differences in the methodology used to assess the HGPs. These disparities highlight the need to develop consensus guidelines for scoring the HGPs of liver metastases.
A second important reason to develop such guidelines is the emerging prognostic or predictive value of the HGPs. The clinical and biological diversity of, for instance, CRC liver metastases indeed urges the need for predictive biomarkers to facilitate tailormade treatment strategies (Poston, 2008; Poston et al, 2008) . Frentzas et al (2016) demonstrated that CRC liver metastases with a replacement HGP respond poorly to bevacizumab treatment, likely because these tumours utilise vessel co-option instead of angiogenesis. By contrast, desmoplastic liver metastases, which are angiogenic, showed a better response to bevacizumab (Frentzas et al, 2016) . These data strongly suggest that HGPs can be used to guide the choice of treatment for individual patients with liver metastases.
Finally, guidelines for scoring the HGPs of liver metastases are important for future mechanistic studies that are aimed at elucidating the molecular drivers of each HGP. These studies will require the establishment of preclinical liver metastasis models that mimic the distinct growth patterns using established cell lines or patient-derived xenografts (PDXs). Studies using such models should lead to identification of novel targets to facilitate precision treatments for patients with liver metastases.
The aims of the current manuscript are therefore to (a) propose consensus guidelines for scoring the HGPs of liver metastases, (b) test the analytical validity of these guidelines, (c) validate the prognostic significance of the HGPs of liver metastasis, (d) speculate on the molecular mechanisms that may underlie the differences in the growth patterns, and (e) highlight future research directions for growth pattern research.
METHODS
Constructing the guidelines. The team of experts responsible for the proposed guidelines consists of members of the Liver Metastasis Research Network (www.lmrn.org) all of whom have had experience in the assessment of the HGPs of liver metastases. Based on many observations in previous studies on HGPs (Vermeulen et al, 2001 (Vermeulen et al, , 2002 Eefsen et al, 2012 Eefsen et al, , 2015 Frentzas et al, 2016) , and consequently multiple discussions at annual meetings of the LMRN, consensus was reached on a systematic approach to assessing the HGPs. A draft manuscript was produced by a writing committee and was circulated to all the co-authors. Final approval of the guidelines occurred during the annual meeting of the LMRN on 16-17 June 2016 in Umeå, Sweden. Agreement in HGP score between different samples from the same metastasis. The extent of agreement in HGP score between different samples from the same lesion was addressed in 50 liver metastases of CRC for which X4 formalin-fixed-paraffinembedded (FFPE) blocks were available for scoring. The samples used for this analysis were obtained from the Department of Surgical Oncology of the Erasmus MC Cancer Institute (Rotterdam, The Netherlands). The total number of blocks included in the analysis was 234, median number of blocks available per lesion was 4 (range ¼ 4-16 blocks per lesion). H&E-stained sections from all 234 blocks were scored for HGP by EPvdS, RRJCvdB, BG and PBV according to the proposed guidelines (a consensus score was agreed upon during multiple sessions at a multihead microscope). Each block was then assigned to an HGP category: those scored as 450% desmoplastic were categorised as predominant desmoplastic HGP (n ¼ 121 blocks), those scored as 450% pushing were categorised as predominant pushing HGP (n ¼ 7 blocks), and those scored as 450% replacement were categorised as predominant replacement HGP (n ¼ 98 blocks). In the case that no predominant HGP was found, the block was categorised as having a mixed HGP (n ¼ 8 blocks). In order to determine the extent of agreement in HGP score between different blocks derived from the same lesion, for each of the 50 lesions we calculated the percentage of blocks that fell into the same category.
Analytical validation study. For the analytical validation of the guidelines, representative H&E-stained sections from 159 FFPE sections of CRC (n ¼ 129) and breast cancer (BC) (n ¼ 30) liver metastases (obtained from patients undergoing routine resection) were retrieved from the archives of the pathology laboratory of the St Augustinus Hospital (GZA Hospitals), Wilrijk-Antwerp, Belgium. This set was then divided into a training set of 60 metastases and a validation set of 99 metastases by PBV and GGvdE. The sections were scanned on a 3DHISTECH (3DHIS-TECH Ltd., Budapest, Hungary) scanning device. Explanatory notes were provided for each of the images in the training set. These notes included the 'gold standard' HGP score, that is, the consensus HGP score as agreed by two pathologists (PBV and GGvdE) with 410 years of experience in scoring the HGPs. The images and the explanatory notes were then uploaded to the 'Pathomation whole slide image viewer' (Pathomation BVBA, Antwerp, Belgium) on the website of the Liver Metastasis Research Network (www.lmrn.org). The decision tree and the guidelines (Figure 1 and Tables 2 and 3 , respectively) were also published on this website. Twelve participants volunteered to take part in the validation study. Of these 12 participants, only 4 had prior experience of scoring liver metastasis growth patterns, while the remaining 8 participants had no prior experience of scoring liver metastasis growth patterns. Of these 12 participants, only 3 were professionally trained pathologists, while the remaining 9 participants were scientists with either a biological sciences or medical background. Participants were given access to the data on the website of the Liver Metastasis Research Network. The participants were first asked to study the decision tree and the guidelines so that they could understand how HGPs are to be scored. They were then asked to examine the training set and the explanatory notes. Once these tasks were completed, they were then given access to the validation set of 99 liver metastases and asked to record their HGP scores for each of the cases. The participants assessed the HGPs of each metastasis (percentage of interface occupied by a growth pattern for all growth patterns present in 45% of the length of the interface) and submitted their results electronically within the Pathomation image viewer. The submitted results were then compared with the preestablished 'gold standard'.
Clinical validation study. The clinical validity was assessed by a survival analysis. For this we used representative H&E-stained tissue sections of FFPE CRC liver metastases from 374 patients who underwent surgical resection at the Department of Surgical Oncology of the Erasmus MC Cancer Institute (Rotterdam, The Netherlands) between 2000 and 2015. The HGPs were determined by EPvdS, RRJCvdB, BG and PBV according to the proposed guidelines (for patient details, see Table 4 ). A consensus score was agreed upon during multiple sessions at a multihead microscope. Patients for whom 450% of the tumour-liver interface was identified as exhibiting one of the three HGP were allocated to a group labelled as predominantly of this HGP (i.e., 450% desmoplastic were categorised as predominant desmoplastic HGP; 450% pushing were categorised as predominant pushing HGP; 450% replacement were categorised as predominant replacement HGP). In cases of multiple sections per metastasis or multiple liver metastases per patient, the mean percentage was used. Overall survival was considered the time interval between the date of liver metastasis resection and the date of death or last follow-up.
Overall survival analysis using different HGP cutoffs. Survival analyses were also performed using different cut points to define the predominant HGP. Owing to the low numbers of patients presenting with a predominant pushing HGP (only 3% of patients when using a cutoff of 450%), this analysis was limited to a comparison of replacement HGP patients with desmoplastic HGP patients. Cut points of 450%, 470%, 480%, 490% or 100% were used to define whether a tumour had a predominant replacement HGP or a predominant desmoplastic HGP.
Statistical analysis. Descriptive values are expressed as median (interquartile range). Variables were compared by chi-square analysis, Fisher's exact test or with independent Student's t-test or Mann-Whitney U-test. The Kaplan-Meier method was used to generate survival estimates, which were compared by Log-rank test. Cox regression models were used to correct for potential confounders. Only parameters with a P-valueo0.10 in the univariate model were entered in the multivariate Cox regression 
Invasion of cancer cells in the liver cell plates with direct contact between hepatocytes and cancer cells
Additional criteria model. The SPSS statistical package (version 21.0, SPSS, Chicago, IL, USA) was used. A P-valuep0.05 was considered statistically significant.
RESULTS
Guidelines for scoring the HGPs of liver metastases. In these guidelines, three common (desmoplastic HGP, pushing HGP and replacement HGP) and two rare (sinusoidal HGP and portal HGP) growth patterns are described that can all be identified in H&E-stained specimens of FFPE liver metastases. The key histopathological characteristics of the HGPs are summarised in Table 2 . The consensus guidelines for scoring the HGPs are summarised in Table 3 . In order to assist the observer in scoring the different HGPs, we have constructed a decision tree that can be easily followed to determine the growth pattern (Figure 1 ). In the desmoplastic HGP, the cancer cells of the metastasis are separated from the liver tissue by a rim of desmoplastic tissue (Figures 2A-D) . The metastasis does not mimic the liver architecture and there is no direct contact between cancer cells and hepatocytes. New blood vessels in the desmoplastic rim are formed by sprouting angiogenesis. There is often a dense lymphocytic infiltrate at the interface of the desmoplastic and liver tissue that can sometimes obscure the interface ( Figure 2E) . A proliferation of bile ducts, often called 'ductular reaction', can sometimes be seen surrounding the desmoplastic metastasis ( Figure 2E ). It is important to note that portal tracts that lie directly adjacent to a metastasis should not be confused with the desmoplastic tissue ( Figure 2F ). Also, areas directly underneath the liver capsule should not be confused with desmoplastic tissue.
In the pushing HGP, the liver cell plates that surround the metastasis are pushed away and are compressed ( Figures 3A-C) . There is no desmoplastic rim surrounding the metastasis but also no direct contact between cancer cells and hepatocytes within the liver cell plates. As in the desmoplastic HGP, the metastasis does not mimic the liver architecture.
In the replacement HGP, cancer cells form cell plates that are in continuity with the liver cell plates (Figures 4A-E) . This permits the cancer cells to replace the hepatocytes within the liver cell plates and allows these metastases to co-opt the sinusoidal blood vessels at the tumour-liver interface, without inducing sprouting angiogenesis. There are two subtypes of the replacement HGP. In the first type (type 1) the liver cell plates used by the cancer cells are perpendicular to the tumour-liver interface ( Figures 4B and C) , and in the second type (type 2), the liver cell plates are pushed away while the cancer cells replace the hepatocytes (Figures 4D and  E) . The latter type of replacement HGP should not be confused with the pushing HGP ( Figures 3A-C) .
There are two rare HGPs of liver metastases, namely, the sinusoidal HGP and the portal HGP. In the sinusoidal HGP, the cancer cells are present as emboli within the lumens of the sinusoidal blood vessels and/or grow in the peri-sinusoidal space ( Figure 5 ). As the cancer cells do not exit the blood vessels or enter the liver cell plates, there is no cell-cell contact between the cancer cells and the hepatocytes in this sinusoidal HGP. As in the replacement HGP, the sinusoidal blood vessels are co-opted as a means of vascularisation. In our experience, the sinusoidal HGP occurs in patients with rapidly progressing liver metastases and is therefore often encountered in autopsy specimens (Allison et al, 2004; Simone et al, 2012) . In the portal HGP, the growth of cancer is restricted to the connective tissue areas of the portal tracts, liver septa and liver capsule. The portal HGP has been detected in animal models of liver metastases by us and only very infrequently in human BC or CRC liver metastases.
The current guidelines also address the fact that a liver metastasis may have more than one growth pattern. In order to collect all the available information for subsequent data analysis, the guidelines propose to estimate the relative fraction of each A histochemical silver impregnation staining of the sections (e.g., GordonSweet's reticulin staining) has added value to discern fibrosis/preservation of the supportive tissue architecture of the spaces of Disse and sinusoids. The three common growth patterns are: desmoplastic, pushing and replacement (type 1 and type 2). Two rare growth patterns are: sinusoidal and portal. When more than one growth pattern is present in a metastasis: estimate the relative fraction of each growth pattern with a length of X5% of the total length of the interface (e.g., 80% desmoplastic/20% pushing; 95% replacement/5% pushing). In case of multiple metastases/patient: assess the growth pattern(s) in every individual liver metastasis and note the anatomical position. Caveats.
HGP that constitutes X5% of the total length of the interface. In the typical pathology archive, there may be either one tissue block available per liver lesion or multiple tissue blocks available per liver lesion. In the case where multiple blocks are available for a given lesion, we recommend that the HGP from each block is determined. The mean average HGP score should then be calculated to produce a single score for percentage of desmoplastic, percentage of pushing and percentage of replacement HGP for each lesion. In case of multiple liver metastases from a single patient, it is recommended that the HGPs of every individual single lesion be scored separately and the information saved together with the anatomical position of the respective lesion.
Important caveats for scoring the HGPs of liver metastases. In order to score the HGPs correctly, there are issues of concern that are related to the amount of available tumour-liver interface (where the HGPs are assessed), the quality of the tissue and the process of data collection. These points of concern are summarised in Table 3 . First, tissue cores from needle biopsy procedures should not be used to assess the HGPs of liver metastases. The obvious reason is that the amount of interface present in a tissue core is minimal and insufficient to cover the possible heterogeneity of the HGPs within a single metastasis. Second, if o20% of the expected interface is present in the tissue section, a disclaimer stating 'insufficient tumour-liver interface' should be added. There are various circumstances that may cause o20% of the expected interface to be present in the tissue section. These include, but are not limited to, the following: (a) the presence of excessive damage to the tissue section or (b) when a considerable proportion of the tumour present in the section forms a border with the liver capsule rather than forming a border with the liver parenchyma. Third, if no viable tumour tissue is present in the metastasis, scoring the HGP is not possible. Often this is due to treatment before surgery that causes replacement of the cancerous tissue by areas of fibrosis, infarct-type necrosis or cell-free lakes of mucinous substance. Fourth, an adequate quality of the liver metastasis tissue is essential. Indeed, delayed fixation (e.g., autopsy cases) or radiofrequency ablation can impair the quality of the tissue so that reliable assessment of HGPs is not possible.
Agreement in HGP score between different samples from the same metastasis. When considering the diagnostic utility of the HGPs, one point of concern is whether a single tissue section adequately captures the growth pattern of the entire lesion. In order to address this issue, we examined whether scoring the HGP from a single tissue sample is as accurate as scoring the HGP from multiple tissue samples. To do this, we examined an unselected set of 50 liver metastases for which multiple (X4) tissue blocks were available. The median number of blocks available per lesion in this set was four (range ¼ 4-16 blocks per lesion). A single tissue section from each block was scored for the HGP and then assigned to an HGP category: predominant desmoplastic HGP, predominant pushing HGP, predominant replacement HGP, or mixed HGP (according to strictly defined criteria, as detailed in the Methods section). We then assessed the degree to which blocks from the same lesion fell into the same category. We found that, for 82% of the lesions examined (41 out of 50 lesions), the HGP category was in complete agreement (100% agreement) across all blocks tested. Among the 9 other lesions examined, we found agreement between: 4 out of 5 blocks (80% agreement) for two lesions, 3 out of 4 blocks (75% agreement) for 4 lesions, 3 out of 5 blocks for 2 lesions (60% agreement), and 2 out of 4 blocks for 1 lesion (50% agreement). There were no cases with an agreement o50%. Analytical validation of the guidelines to assess the HGPs of liver metastasis. In order to assess the analytical validity of the current guidelines, a validation study was performed. In the first stage, 12 participants (a mixed group composed of 3 pathologists, 4 clinicians and 5 basic scientists) underwent a training exercise, in which they were provided with a copy of the guidelines contained herein and were then asked to score a training set of whole slide digital images of 60 liver metastases. Subsequently, they were provided with a validation set comprising 99 additional whole slide digital images. The scores of this validation set were then used to compare the participants' results with the gold standard. The results of the validation study were tabulated with rows representing the different participants (n ¼ 12) and columns indicating the percentage of interface occupied by a HGP in the set of 99 metastases. Using an intraclass correlation coefficient (ICC), the participants' scores were compared with the gold standard, (i.e., the consensus result of the pathologists GGvdE and PBV). This resulted in ICC coefficients for desmoplastic, pushing, replacement (type 1), replacement (type 2) and replacement (independent of type) HGP for each individual participant. ICC values 40.5 represent a good reproducibility and values 40.7 an excellent reproducibility. After colour coding and unsupervised hierarchical clustering of the ICC coefficients of each HGP for all participants, the heat map ( Figure 6) shows that, for the majority of the participants, good-to-excellent correlations with the gold standard were obtained for replacement (independent of subtype), replacement (type 1) and desmoplastic HGP. This indicates that the key characteristics of the desmoplastic HGP and the replacement HGP were recognisable by most participants. The results also show that the participants found the pushing HGP and the type 2 replacement HGP more difficult to distinguish.
Clinical validation of the guidelines to assess the HGPs of liver metastases: survival analysis. In order to test the prognostic value of the growth patterns as scored according to our current guidelines, the HGPs were scored in CRC liver metastases resection specimens from a series of 374 patients (Table 4) . Correlation of the HGPs with overall survival was then analysed. For the analysis of overall survival, the 374 patients were stratified into one of the three subgroups. Patients for whom 450% of the tumour-liver interface was identified as desmoplastic HGP were classified as predominant desmoplastic HGP, while patients for whom 450% of the tumourliver interface was identified as pushing HGP or replacement HGP were classified as predominant pushing HGP or predominant replacement HGP, respectively. According to these criteria, the desmoplastic HGP was predominant in 183 (49%) patients, the replacement HGP in 177 (47%) patients and the pushing HGP in 10 (3%) patients. No dominant HGP could be found in the liver metastases of 4 patients (1%) and so these patients were excluded from the survival analyses. Figure 7 shows the overall survival curves for each subgroup. The median time of follow-up was 34 months (95% CI: 17-61 months). The median overall survival for the desmoplastic subgroup was 64 months (95% CI: 51-77 months). For the replacement subgroup median overall survival was 36 months (95% CI: 30-42 months). Median overall survival was not reached for the pushing subgroup. Overall survival was significantly superior in the desmoplastic subgroup as compared with the replacement or pushing subgroup (P ¼ 0.006, Figure 7) .
According to Table 5 , three parameters were significantly different between the distinct HGP subgroups: lymph node status of the primary CRC, absence or presence of metastasis within 1 year after resection of the primary CRC, and systemic treatment prior resection of liver metastasis. The effects on overall survival of these parameters were tested in a univariate Cox regression model. This was also carried out for the clinical risk score (CRS) according to Fong because of its established prognostic value (Fong et al, 1999) (Table 6 ). In a multivariate analysis, both a poor CRS (3-5) and the presence of a predominant replacement HGP resulted in a significantly shorter overall survival with respective HR of 1.97 (95% CI: 1.47-2.65) and 1.73 (95% CI: 1.28-2.33).
We then repeated the overall survival analysis in order to determine whether using different cutoffs to define the predominant HGP would affect the relationship between the HGP and overall survival. Owing to the low numbers of patients presenting with a predominantly pushing HGP (only 3% of patients when using a cutoff of 450%), we limited our analysis to a comparison of overall survival between the replacement HGP patients versus the desmoplastic HGP patients. Cut points of 450%, 470%, 480%, 490% or 100% were used to define whether a tumour had a predominant replacement HGP or a predominant desmoplastic HGP (Table 7 ). The first thing that emerges from this analysis is that, predictably, the use of higher cutoffs incrementally reduces the number of patients eligible for inclusion in the analysis. For example, while 360 patients are eligible using a cut point of 450%, this drops to 291 eligible patients using a cut point of 470% and drops to 134 patients using a cut point of 100%. However, overall survival was significantly superior in the desmoplastic HGP subgroup, as compared with the replacement HGP subgroup, at all cutoffs utilised (both by Kaplan-Meier analysis and in multivariate analysis, Table 7 ). 
DISCUSSION
The current manuscript describes the first guidelines for scoring the HGPs of liver metastases, based on an international consensus among experts in the field. Furthermore, we show that, by applying these guidelines after adequate training, a reproducible assessment of the HGPs in human specimens of liver metastases is possible. In addition, it is demonstrated that the HGPs scored according to these guidelines determine overall survival in patients with liver metastases of CRC. Although the scoring can be performed reliably even by nonspecialists and is reproducible between individuals as shown in our analytical validation study, some limitations were noted, among them the difficulty of distinguishing the pushing HGP from the type 2 replacement HGP. This distinction is important, given that the interaction of the cancer cells with the liver is completely different in the two HGPs. For example, the pushing growth pattern relies on sprouting angiogenesis for its vasculature while the replacement growth pattern co-opts the sinusoidal blood vessels of the liver (Vermeulen et al, 2001; Van den Eynden et al, 2013; Frentzas et al, 2016) .
In the current study, the HGPs scored according to the proposed guidelines predict outcome: patients with a predominant desmoplastic HGP have a significant overall survival advantage as compared with patients with a predominant replacement HGP or predominant pushing HGP. This is clearly in accordance with the studies in Table 1 that have addressed the prognostic value of the HGPs (Okano et al, 2000; Lunevicius et al, 2001; Nystrom et al, 2012; Nielsen et al, 2014; Pinheiro et al, 2014; Eefsen et al, 2015; Frentzas et al, 2016) . However, there are some discrepancies in the reported impact of the replacement HGP and the pushing HGP on outcome (for details, see Table 1 ). These discrepancies may arise due to differences in the patient cohorts examined and/or due to differences in the way the HGPs were scored in different studies. For instance, the percentage of patients who received systemic treatment prior to the resection of liver metastases may influence the results, as suggested by the evidence that preoperative therapy may cause a conversion from a desmoplastic HGP to a replacement HGP (Mentha et al, 2009; Frentzas et al, 2016) . With regards to the methods in which the HGPs were scored, the cutoffs for classifying a metastasis as having a predominant HGP differ between different studies, ranging from 50% to 80% of the total length of the interface. Also, the distinction between the pushing HGP and the type 2 replacement HGP was not well defined in previous studies. Furthermore, all of these factors have impacted on the variability documented in the relative proportions of the different HGPs. Indeed, as an example, the pushing HGP was reported as the predominant HGP in B7% of all samples in the study by Frentzas et al (2016) and in B3% of all samples in the survival study in this manuscript. However, in other studies, this fraction was as high as 16% (Van den Eynden et al, 2012), 33% (Nielsen et al, 2014) , 34% (Eefsen et al, 2015) and even 50% (Nystrom et al, 2012) . These issues highlight the need for standardised and uniform criteria for HGP classification -a major aim of the present guidelines. Although we show here that scoring the HGPs of liver metastases is reproducible, in order to use the HGPs as a biomarker for treatment decisions it will be necessary to develop accurate non-invasive surrogate markers for this histopathological parameter. For example, medical imaging of the liver, such as MRI or CT scans that are performed routinely in clinical practice, might eventually be utilised as a surrogate method to determine the HGPs of liver metastasis. We note that Semelka et al (2000) found that the presence of transient perilesional enhancement on the MRI image is correlated with the presence of a desmoplastic reaction around the rim of liver metastases. However, transient perilesional enhancement was not present on the MRI image for liver metastases that lacked a desmoplastic reaction (Semelka et al, 2000) . It is therefore possible that transient perilesional enhancement is a potential surrogate marker that distinguishes desmoplastic HGP liver metastases from pushing/replacement HGP liver metastases on MRI scans of the liver. However, a prospective imaging study performed in a large series of chemotherapy-naive patients is necessary in order to validate whether this imaging feature (or other imaging features) can be successfully used to predict the HGPs of liver metastasis. A study of this sort is currently ongoing in Sweden (Hanna Nyström, personal communication). Furthermore, by longitudinal assessment of the HGPs, through repeated imaging of the same patients, it will also be possible to appreciate the dynamic nature of the HGPs. This is relevant because several studies suggest that the HGP of a tumour can change. For instance, there is evidence that, after systemic treatment with an antiangiogenic agent, liver metastases can switch from an angiogenic desmoplastic HGP to the non-angiogenic replacement HGP (Mentha et al, 2009; Frentzas et al, 2016) . Furthermore, a change from an angiogenic growth pattern to a non-angiogenic growth pattern upon treatment with antiangiogenic therapy has also been reported in preclinical models of hepatocellular carcinoma (Kuczynski et al, 2016) , lung metastasis (Bridgeman et al, 2017) , glioblastoma (GBM; Rubenstein et al, 2000) and brain metastasis (Leenders et al, 2004) .
There is currently limited understanding of the biological mechanisms that underlie the different HGPs. Moreover, it is unclear why some tumours elicit a desmoplastic and angiogenic response while others grow in a non-angiogenic manner and adopt the replacement growth pattern. HGPs are, however, a broader phenomenon not restricted to liver metastases and have also been described in primary lung cancer (Pezzella et al, 1997) and lung metastases (Pezzella et al, 1996; Szabo et al, 2015; Bridgeman et al, 2017) , primary brain tumours and brain metastases (Sakariassen et al, 2006; Bugyik et al, 2011; Berghoff et al, 2013; Valiente et al, 2014) , lymph node metastases (Naresh et al, 2001; Vermeulen et al, 2002; Jeong et al, 2015) and skin metastases (Colpaert et al, 2003) . Common biological themes, based on the interplay between cancer cells and the organ microenvironment, may thus be responsible for the HGPs in different organs.
One working hypothesis to explain the biology of the different HGPs of liver metastases is that these HGPs recapitulate distinct reaction patterns of the liver to injury. Two reaction patterns to liver injury are known, liver fibrosis and liver regeneration, and they are characterised by specific cytokine profiles (Ding et al, 2014) . Fibrosis in the desmoplastic HGP may be mediated by the same biological mechanisms that drive liver fibrosis in response to injury. One hallmark of liver fibrosis is ductular reaction, which is a proliferation of activated cholangiocytes that form small nonfunctional bile ductular structures (Schuppan and Kim, 2013) . Indeed, ductular reaction is also present in the fibrotic rim of desmoplastic liver metastases (see Figure 2E) . The replacement HGP, on the other hand, resembles liver regeneration, as cancer cells replace hepatocytes akin to the way that new hepatocytes replace older hepatocytes during liver regeneration (Oertel et al, 2006; Dezso et al, 2012) . Soluble angiocrine factors (which are secreted by endothelial cells in sinusoidal blood vessels) have a major role during liver fibrosis, liver regeneration and in liver development (Matsumoto et al, 2001; Ding et al, 2010; Si-Tayeb et al, 2010; Ding et al, 2014) . However, the role of these angiocrine factors in liver metastasis growth patterns is yet to be elucidated and is currently under investigation.
Desmoplastic and pushing growth pattern tumours are associated with new vessel formation (via angiogenesis), while replacement growth pattern tumours are not dependent on angiogenesis and co-opt preexisting sinusoidal blood vessels instead (Vermeulen et al, 2001; Stessels et al, 2004; Van den Eynden et al, 2013; Frentzas et al, 2016) . Therefore, another significant question is: how are these different vascularisation mechanisms co-ordinated in the liver? Although this is yet to be elucidated, insight may come from studies performed in GBM. Similar to the liver metastasis scenario, GBM tumours displaying either an angiogenic growth pattern or a vessel co-opting growth pattern have also been described (Sakariassen et al, 2006) . Sakariassen et al (2006) used PDX models of GBM to study what drives these different growth patterns in the brain. They showed that, while angiogenic GBMs and vessel co-opting GBMs are genetically similar (as determined by array CGH), marked differences in gene expression occur between these growth patterns. Notably, vessel co-opting GBMs had upregulated expression of genes associated with foetal development and cell motility when compared with angiogenic tumours. In contrast, angiogenic GBMs showed higher expression of angiogenic regulators, such as VEGF and angiopoetin-2, when compared with vessel co-opting tumours (Sakariassen et al, 2006) . These data suggest that tumour growth patterns are associated with differences in tumour gene expression, which may be drivers of the growth pattern. We are currently undertaking a transcriptomic analysis of human liver metastases to determine whether similar differences in gene expression can be found between liver metastases adopting different growth patterns (Van Laere et al, manuscript in preparation).
Other studies, performed using preclinical brain metastasis models, have shown that cancer cells adhere to preexisting brain vessels during vessel co-option in the brain and that this may be mediated by distinct cell adhesion molecules expressed by cancer cells, such as b1-integrins or L1CAM (Dome et al, 2003; Carbonell et al, 2009; Bugyik et al, 2011; Valiente et al, 2014) . In the replacement growth pattern of liver metastases, our histopathological observations suggest that cancer cells also adhere to the sinusoidal blood vessels. Moreover, others have reported that 'adhesive co-option' of sinusoidal blood vessels by cancer cells, mediated by integrins, has a role in liver metastasis (Kemperman et al, 1997) . Taken together, these data suggest that the propensity for cancer cells to adopt a specific growth pattern may also involve important changes in the ability of cancer cells to adhere to preexisting blood vessels.
In addition, the progression of cancer along preexisting basement membranes (as observed in the replacement growth pattern) clearly resembles what pathologists recognise as in situ carcinoma, a presentation in which cancer cells respect the existing structure of the host organ. Although this is typically a feature that has been described to occur in primary tumours (i.e., occurring prior to invasion and subsequent metastasis), reversion of metastatic cancer to this in situ phase has indeed been documented in other sites, for instance, in lymph node metastases (Barsky et al, 1997) . Therefore, the adoption of the replacement growth pattern may also represent a form of reversion to in situ tumour growth.
We find that, while approximately one-third of patients present with a 'pure' growth pattern (i.e., 100% desmoplastic, 100% pushing or 100% replacement HGP), approximately two-thirds of patients present with a mixed growth pattern. Unfortunately, the biological basis for this heterogeneity of growth pattern within the same patient remains unclear. However, future studies aimed at addressing the molecular mechanisms that underlie the growth patterns should provide insight as to the basis for this heterogeneity. As for the practical significance of a mixed growth pattern, it is apparent that, even when a mixture of growth patterns is present, the predominant growth pattern can still have a significant effect on patient outcome. For example, around twothirds of the patients included in our overall survival analysis (using the 450% cut point) presented with a mixture of growth patterns, and yet the predominant growth pattern still had a statistically significant effect on overall survival. There is also evidence that treatment with standard therapies can alter the growth pattern of liver metastases from desmoplastic to replacement (Mentha et al, 2009; Frentzas et al, 2016) . It is therefore possible that, in some cases, liver metastases with a mixed growth pattern represent those tumours that are in a state of transition from one growth pattern to another. If it is the case that standard therapies can indeed drive a shift in growth pattern from a good prognosis pattern (i.e., desmoplastic) to a bad prognosis pattern (i.e., replacement), then it may be necessary to derive therapeutic strategies that can either prevent or combat this adverse transition.
In conclusion, we provide clear and reproducible guidelines for scoring the HGPs of liver metastasis. The HGPs have a prognostic and predictive value for patients with liver metastatic CRC as demonstrated here and in other retrospective studies (Okano et al, 2000; Lunevicius et al, 2001; Nystrom et al, 2012; Nielsen et al, 2014; Pinheiro et al, 2014; Eefsen et al, 2015; Frentzas et al, 2016) . Prospective studies based on large cohorts of patients, and preferably linked to clinical trials, are now needed to confirm the clinical value of the HGPs and to assess the value of medical imaging, or circulating molecular markers, as potential surrogate biomarkers for the HGPs. Moreover, further studies are now warranted to understand the molecular mechanisms that underlie the HGPs, because these may eventually lead to HGP-specific treatment strategies for liver metastases. This could pave the way for an improved selection strategy for the type of systemic treatment before and/or after liver surgery and for personalised risk-adapted follow-up strategies.
